Human saliva and parotid fluid have two effects on glucose uptake by Streptococcus mutans: (i) a reduction in the overall rate of uptake, and (ii) the promotion of a biphasic mode of uptake. The former effect had been previously shown to result from lactoperoxidase-mediated inhibition of transport or metabolism or both. The objective of the present study was to uncover the basis of the second effect. Biphasic glucose uptake consisted of a rapid phase of low capacity and short duration (-10 to 15 s) followed by a slower phase of high capacity and long duration (several minutes). The slow phase is typical of cells not exposed to the secretions (control cells). S. mutans BHT cells pretreated with as little as 10 ,uM glucose for 10 min at 37°C, followed by its removal, subsequently exhibit biphasic glucose uptake typical of saliva-or parotid fluid-treated cells. Since pretreatment of the organism with glucose, whole saliva supernatant, or parotid fluid supported subsequent transport of the nonmetabolized glucose analog, 2-deoxyglucose, we concluded that pretreatments established a relatively stable pool of glycolytic intermediates (i.e., a phosphoenolpyruvate potential). Thin-layer chromatographic analysis of extracts from [14C]glucose-pretreated cells confirmed the presence of a stable pool of triose phosphates. Dialysis experiments indicated that high-molecular-weight substrates in the secretions were readily utilized by the organism to establish a phosphoenolpyruvate potential, especially when the lactoperoxidase system was rendered inactive. A survey of several carbohydrate constituents of salivary glycoproteins revealed that mannose, galactose, and N-acetylglucosamine, in addition to glucose, established phosphoenolpyruvate potentials in the organisms. Inactive substances included, among others, N-acetylgalactosamine and N-acetylneuraminic acid. In a survey of selected amino acids, arginine alone promoted 2-deoxyglucose accumulation by the organism, albeit feebly. Finally, it is argued that the phenomenon of biphasic glucose uptake provides evidence that the rate limiting step in glucose uptake by S. mutans is glucose metabolism and not glucose transport.
chromatographic analysis of extracts from [14C] glucose-pretreated cells confirmed the presence of a stable pool of triose phosphates. Dialysis experiments indicated that high-molecular-weight substrates in the secretions were readily utilized by the organism to establish a phosphoenolpyruvate potential, especially when the lactoperoxidase system was rendered inactive. A survey of several carbohydrate constituents of salivary glycoproteins revealed that mannose, galactose, and N-acetylglucosamine, in addition to glucose, established phosphoenolpyruvate potentials in the organisms. Inactive substances included, among others, N-acetylgalactosamine and N-acetylneuraminic acid. In a survey of selected amino acids, arginine alone promoted 2-deoxyglucose accumulation by the organism, albeit feebly. Finally, it is argued that the phenomenon of biphasic glucose uptake provides evidence that the rate limiting step in glucose uptake by S. mutans is glucose metabolism and not glucose transport.
Streptococcus mutans is an acidogenic and cariogenic microbe commonly found in human dental plaque. The principal source of fermentable carbohydrate for plaque microbes is the host diet. Carbohydrate transport and metabolism by S. mutans and other prominent oral microbes are, therefore, critical parameters of cariogenesis. In previous communications (5, 7, 8) , we demonstrated that either human whole salivary supernatant or parotid fluid could inhibit glucose uptake by S. mutans and several other microorganisms. Inhibition appeared to be due to the salivary lactoperoxidase-SCN--H202 system. The lactoperoxidase system has been shown to inhibit phosphoenolpyruvate (PEP)-dependent phosphotransferase-mediated glucose transport and glucose metabolism by streptococci (1, 5, 8, 13) . During the course of studies with S. mutans suspended in saliva, we noticed that glucose uptake was biphasic (5, 7, 8) . Biphasic glucose uptake was most prominent in cases in which the salivary lactoperoxidase system was inhibited. Glucose uptake by S. mutans that had not been exposed to saliva was always linear (monophasic). Biphasic glucose uptake by cells exposed to saliva exhibited (i) a rapid phase whose duration was less than 30 s, and (ii) a slow phase that endured for several minutes. We suggested that rapid phase was due to a burst of transport energized by a F--sensitive reaction (5) .
In some strains of Streptococcus lactis, starved cells contain a pool of glycolytic intermediates that provides a ready source of PEP (a PEP potential) to drive phospho-* Corresponding author.
transferase-mediated sugar transport (17) . Transport of ,-Dthiomethylgalactoside, a phosphotransferase-transported, nonmetabolized lactose analog, by starved S. lactis that possessed a PEP potential, was especially rapid and ceased when the PEP potential was consumed (16, 17) . Our observations of biphasic glucose uptake by S. mutans were considered to be a possible reflection of the existence of such a PEP potential. The sensitivity of biphasic uptake to F- (5) is consistent with the PEP potential idea since enolase is a major F-target of streptococci (2, 9, 17 Saliva. Unstimulated whole saliva from at least four healthy adult volunteers (ca. 5 ml per donor) was pooled and clarified by centrifugation (5) . Parotid fluid was collected with the aid of a cup that was positioned over the parotid duct (5) . Flow of parotid fluid was stimulated by sucking a sour lemon drop. Salivary supernatant and parotid fluid were stored on ice until needed. In all cases, the salivary lactoperoxidase-SCN--H202 system was rendered inactive by the addition of dithiothreitol (DTT) to whole saliva supernatant or parotid fluid before incubation with bacteria (5, 7, 8) .
In some experiments, samples were dialyzed against 400 volumes of distilled water at 4°C for 18 h. Dialysis membranes used had a cutoff of 12,000 to 14,000 daltons (Spectrum Medical Industries Inc., Los Angeles, Calif.). Protein and hexose were estimated by the Folin phenol (12) and phenol-sulfuric acid (4) methods, respectively. Bovine serum albumin and glucose served as primary standards.
Pretreatment of cells with glucose or saliva. Washed cells on ice were prewarmed to 37°C and mixed with an equal volume of a prewarmed glucose solution in PBMg (final A540, 1.0). After 10 min of incubation at 37°C, the cell suspension was diluted 1/50 into prewarmed PBMg and the cells were collected on a 0.45-,um pore size membrane filter (type HA; Millipore Corp., Bedford, Mass.). The filter membrane was washed once with 2 to 10 ml of prewarmed PBMg. Next, the membrane was recovered and the cells were washed off into 1.5 ml of prewarmed PBMg (final A540, 1.0). About 3 min was required to collect, wash, and resuspend the glucose-pretreated cells. After 2 min at 37°C, radioactive solutes were added and glucose uptake or 2-deoxyglucose (2-dG) transport was estimated (see below). In the case of saliva pretreatment of cells, washed cells were collected by centrifugation and the pellet was suspended to an A540 of 1.0 in the desired concentration of whole salivary supernatant. After incubation at 37°C for the desired time, the cells were collected and washed (2x) by centrifugation. Cells were finally suspended in PBMg to an A540 of 1.0, the cells were prewarmed for 10 min at 37°C, and radioactive solutes were added for estimation of glucose or 2-dG accumulation.
Glucose uptake and 2-dG transport. ]glucose for 10 min at 37°C, collected on a membrane filter, washed with 50 mM PBMg, and resuspended in the same buffer. Equal portions of the washed cells were then incubated alone or with 1 mM 2-dG for up to 10 min. At intervals, samples were rapidly collected on membrane filters, and the filters were immersed in boiling water for 10 min to extract glycolytic intermediates (15) . Alternatively, cells were not washed to remove glucose before the addition of 2-dG. Subsequent TLC results were found to be independent of the presence or absence of glucose during the 2-dG treatment. Water extracts were lyophilized, reconstituted to 0.02 of the original volume, and spotted on polyethyleneimine-TLC sheets (Baker-flex cellulose PEI; J. T. Baker Chemical Co., Phillipsburg, N.J.). Chromatograms were developed first with water and then with 1 N formic acid-0.25 M LiCl. Dried sheets were marked off in a grid pattern, individual lanes were sectioned into 5-mm strips, and the strips were assayed for radioactivity by liquid scintillation spectrometry. Standards included glucose 6-phosphate (G-6-P), fructose-1,6-diphosphate, 3-phosphoglycerate, 2-phosphoglycerate, and PEP. Mobilities of the standards were 0.50, 0.17, 0.38, 0.37, and 0.34, respectively. Standards were visualized by soaking TLC sheets in a solution prepared as follows: 0.1 g of FeCl3 * 6H20 and 7 g of 5-sulfosalicyclic acid were dissolved in 25 ml of water, and ethanol (absolute) was added to give 100 ml (15) . RESULTS Biphasic glucose uptake. An example of the difference in glucose uptake profiles exhibited by buffer-and saliva-pre. incubated S. mutans BHT is shown in Fig. 1 . Recall that all salivary secretions used in this report are devoid of lactoperoxidase activity (see above and figure legends). Uptake by buffer-preincubated cells (control cells) was linear over 3 min. Cells preincubated in whole saliva supernatant exhibited biphasic glucose uptake. Note that extrapolation of the slow phase of uptake (0.5 to 4 min) to zero time intersected the ordinate at ca. 5 nmol of glucose per ml. For purposes of description below, the capacity of the rapid uptake phase (.30 s) will be estimated by the intercept of the slow phase with the ordinate. Thus, in Fig. 1 , the capacity of the rapid phase of glucose uptake was estimated to be 5 nmol of glucose per ml of cell suspension. Finally, note that the rate of glucose uptake by control cells was similar to that of the slow uptake phase exhibited by saliva-preincubated cells (Fig. 1) .
In an attempt to explain the basis of the saliva-dependent biphasic uptake, we assumed that (i) the rapid phase represented glucose transport energized by previous metabolism INFECT. IMMUN. on November 6, 2017 by guest http://iai.asm.org/ Downloaded from of saliva constituents, and (ii) the slow phase was energized by metabolism of transported glucose. Several observations were consistent with these notions. (i) Preincubation of the organism with whole saliva supernatant at 0°C followed by glucose uptake at 37°C revealed the absence of the rapid uptake phase; that is, only the slow phase was present (data not shown). (ii) When NaF was present during both saliva preincubation and glucose uptake, neither the rapid nor the slow phase of glucose uptake was observed (5, 7). If, however, cells were preincubated with saliva alone, and NaF was added before the commencement of glucose uptake, the rapid phase of uptake was still observed but was reduced in apparent magnitude (7) . (iii) Pretreatment of cells with p-chloromercuribenzoate before saliva incubation, followed by reactivation with DTT and subsequent examination of glucose uptake, resulted in only the slow phase of uptake (data not shown). (iv) Lactoperoxidase-mediated inhibition of glucose uptake by cells in whole saliva supernatant reduced or abolished both the rapid and slow uptake phases (5) . Thus, some F-, temperature-, lactoperoxidase-, and p-chloromercuribenzoate-sensitive processes were involved in the development of the saliva-dependent rapid phase of glucose uptake. Recall that cells incubated in buffer only never exhibited biphasic glucose uptake; rather, only the slow phase was present.
Rapid phase of glucose uptake. If the saliva-dependent rapid phase of glucose uptake was energized by the metabolism of saliva constituents, preincubation of the organism with other energy-yielding substrates might also result in biphasic glucose uptake. Therefore, glucose was examined as a potential source of energy to promote subsequent biphasic [14C]glucose uptake. S. mutans BHT was preincubated in 1 mM glucose for 10 min, the glucose was removed, and [14C]glucose uptake was estimated. Glucose uptake was estimated at 5-s intervals over the first 30 s and then at 30-s intervals out to 3 min (Fig. 2) . Biphasic uptake was indeed observed. The rapid phase of uptake was linear over the first 10 to 15 s and decayed progressively such that by 30 s, uptake was due essentially only to the slow phase. Biphasic glucose uptake by glucose-pretreated S. mutans BHT. The organism was preincubated in 1 mM glucose for 10 min at 37°C. Cells were then rapidly washed by filtration and suspended in PBMg. After 2 min at 37°C, radioactive glucose was added and glucose uptake was estimated.
Transport of 2-dG consumes energy, but 2-dG is not metabolized to energetic substances (for a brief review, see reference 15). Thus, one would expect that cells preincubated with saliva or other appropriate substrates would subsequently transport 2-dG until cellular energy available for transport was consumed. This prediction was confirmed in the following experiment. Cells primed with glucose or saliva were monitored for ["4C]glucose uptake and [3H]2-dG transport simultaneously (Fig. 3) . Both glucose-primed and saliva-primed cells exhibited biphasic uptake of glucose. Note that 2-dG transport ceased after 1 to 3 min and the quantity of 2-dG transported was very similar to the capacity of the rapid phase of glucose uptake as estimated by the zero-time intercept of the slow phase with the ordinate (Fig.  3c) . Note that an increased rapid phase capacity is associated with increased concentrations of glucose used in prim- ing incubations (Fig. 4) (Fig. 6) . Experiments similar to uptake should abolish the rapid uptake phase and have no effect on the slow phase. This has been observed with cells primed with either 100 ,uM glucose or 50% (vol/vol) whole Fig. 3c (glucose-primed cells) and Fig. 6 (saliva-primed cells) . In the absence of DTT, 2-dG accumulation was strongly inhibited (e.g., 81, 71, and 93% inhibition of BHT, Ingbritt, and GS-5 incubated for 90 min in 45% whole salivary supernatant). By analogy to saliva inhibition of glucose uptake (5), inhibition of 2-dG transport was most likely due to the salivary peroxidase-SCN--H202 system. Using S. mutans BHT, additional studies of saliva promotion of 2-dG accumulation were performed ( Fig. 7 and 8) . The quantity of 2-dG accumulated by the organism was proportional to the concentration of whole saliva supernatant present (Fig. 7a) . Accumulated 2-dG in control cells (no saliva) was 2 nmol/ml. With only 2.5% (vol/vol) saliva, 2-dG accumulation almost doubled to 3.8 nmol/ml. Saturation of 2-dG accumulation was not reached with the maximum quantity of saliva tested (80%). In another experiment, the organism was incubated in 50% saliva for up to 60 min at 37°C before estimation of 2-dG accumulation (Fig. 7a, inset) . Note that maximum 2-dG accumulation occurred after only 2 to 5 min of incubation with saliva and declined to ca. 70% of the maximum after 10 to 60 min. A portion of the salivary supernatant used in Fig. 7a was dialyzed using tubing with a nominal cutoff of 12,000 to 14,000 daltons. Another portion of the original salivary supernatant was not dialyzed but simply stored under the same conditions used for dialysis.
Comparison of the ability of the stored and the dialyzed specimens to promote 2-dG transport by the organism demonstrated that dialysis reduced subsequent 2-dG accumulation by ca. 50% (Fig. 7b) . The stored specimen was essentially equivalent to the fresh specimen in promotion of 2-dG transport by S. mutans (compare Fig. 7a and b) . Dialysis resulted in a loss of 30% of protein and a 38% loss of hexose.
An equivalent experiment performed with fresh, stored, and dialyzed parotid fluid (Fig. 8 ) also demonstrated a relationship between parotid fluid concentration and 2-dG accumulation. In addition, we noted a failure to achieve saturation at 80% parotid fluid. Storage had no effect on the extent of promotion of 2-dG accumulation by the organism. In contrast to whole salivary supernatant, dialysis of parotid fluid had little effect on subsequent 2-dG accumulation. Dialysis of parotid fluid did not result in loss of protein or hexose. Whole saliva supernatant and parotid fluid, therefore, contain substrates that yield a PEP potential in S. mutans. Furthermore, in the glandular secretion (parotid fluid), all of the substrates are associated with molecules of at least 12,000 to 14,000 daltons. Several sugars and selected amino acids present in salivary glycoproteins were surveyed for their ability to promote 2-dG accumulation. Organisms were incubated for 10 min at 37°C with substrate, collected and washed by filtration, and then suspended in PBMg, and 2-dG transport was monitored over several minutes. Of the sugars tested, only mannose and galactose promoted 2-dG accumulation (Table  1) . Since N-acetylglucosamine (GlcNAc) and galactose are major components of salivary glycoproteins, we extended examination of these sugars. S. mutans BHT was incubated for 10, 45, and 90 min with buffer alone or with glucose, galactose, or GlcNAc. Galactose-promoted 2-dG accumulation reached a near-maximum value between 10 and 45 min ( Table 2 ). The response (relative to glucose) of cells to galactose at 10 min (31%) was similar to that seen in Table 1 . After even 90 min, however, only a small additional increase in 2-dG accumulation was noted. With GlcNAc, the results from 10 min of incubation also agreed with those in Table 1 . Over the entire incubation period, Glc-NAc mustered only 27% of the glucose response. Several amino acids were also examined for their ability to promote 2-dG accumulation by S. mutans BHT. Arginine (1 mM) was the only active species (8 to 25% of the glucose response; 10-min incubation). Lysine, threonine, serine, proline, aspartic acid, cysteine, and glycine were inactive.
DISCUSSION
The data presented above provide an explanation for the biphasic glucose uptake profiles exhibited by saliva-incubated S. muitans. The rapid phase of [14C]glucose uptake was of short duration (10 to 15 s) and low capacity (<10 nmol of glucose or 2-dG per ml of cell suspension). The slow phase of uptake was of long duration (minutes) and large capacity. Glucose pretreatment of cells led to biphasic [14C]glucose uptake profiles that were indistinguishable from those obtained with saliva-treated cells.
Establishment of the rapid phase required an exogenous energy source and bacterial metabolism. Substances known to interfere with carbohydrate transport and metabolism (p-chloromercuribenzoate, lactoperoxidase-SCN--H202 system, F-) inhibited development of the rapid phase of uptake (5, 7, 9, 11, 17) . In addition, cells pretreated with saliva at 0°C did not exhibit the rapid uptake phase. Glucoseor saliva-primed cells that displayed biphasic glucose uptake lost the rapid phase if 2-dG was interposed between the priming incubation and estimation of [14C]glucose uptake.
Finally, the accumulation of a stable pool of triose phosphates (PEP potential) in glucose-primed cells was demonstrated by TLC. Incubation of primed cells with 2-dG was shown to rapidly consume the triose phosphate pool.
These observations support the notion that the rapid phase of glucose uptake is the result of glucose transport driven by a PEP potential established by metabolism of substrates in saliva. The slow phase of glucose uptake is presumably due to metabolism of transported glucose which drives further glucose transport. It follows that glucose metabolism, rather that glucose transport, is the rate-limiting step in glucose uptake. If this were not the case, biphasic glucose uptake would not be observable under our conditions. In addition to S. mutans BHT, Ingbritt, GS-5, and 10449 (this report), we have also observed biphasic glucose uptake by other saliva-treated S. (19) . Therefore, the activity and not the quantity of pyruvate kinase was proposed to vary with growth conditions. These observations with S. mutans are consistent with the notion, derived from studies with S. lactis (17) constituents whose molecular weights are in excess of 12,000 to 14,000. The parotid fluid and whole saliva substances actually utilized by S. mutans to provide energy for 2-dG transport are not known. Substances that promoted 2-dG accumulation may be considered potential substrate candidates in the secretions. The most active compounds were glucose, mannose, and galactose. Inactive substances included fucose, N-acetylneuraminic acid and N-acetylgalactosamine. GlcNAc was able to promote 2-dG accumulation after long-term (90-min) incubation ( Table 2 ). The amino acids arginine, lysine,and glycine make up the tetrapeptide sialin (10) . This substance has been reported to be a major pH-rise and glycolysis-enhancing factor in saliva. Examination of the constituent amino acids of sialin has demonstrated that arginine is the only single amino acid that exhibits significant pH-rise activity (10) . Arginine was also the only sialin amino acid able to promote 2-dG accumulation in our system. Lysine and glycine were inactive. Note that free arginine in saliva secretions is present only in trace amounts, if at all (10) . Furthermore, pH-rise activity attributable to arginine is markedly greater when arginine is supplied to salivary sediment as a dipeptide versus the free amino acid (10) . This effect has been ascribed to greater transport of di-, tri-, and oligopeptides compared with free amino acids and thus greater intracellular accumulation of arginine. It is possible, therefore, that arginine-containing peptides (including sialin and its polypeptide precursors) contribute to the parotid fluid and whole saliva promotion of 2-dG accumulation by S. mutans.
We have thus demonstrated that several monomeric substances that are constituents of salivary glycoproteins are able to promote 2-dG accumulation by S. mutans BHT.
Substrates that appeared weak or inactive in our system, however, might provide significant substrate sources in vivo. Factors such as the physiological history of the cells, unlimited exposure time to saliva constituents, and the presence of mixed multipotential bacterial populations all might favor utilization of several substances in the oral cavity that were not particularly active in our system. Consistent with this notion is a report (14) in which human salivary sediment (which contains a mixed population of bacteria) was shown to utilize GlcNAc and N-acetylneuraminic acid as substrates for H202 production and subsequent OSCN-accumulation.
The potential ecological advantage for organisms that are able to use saliva substances to provide both maintenance energy and a ready energy supply to drive solute transport seems great. Such organisms may be better suited to longterm survival in the oral cavity and to rapid reaction to the sudden and perhaps brief availability of growth-promoting quantities of substrates provided through the host diet. Finally, studies (5, 8 ; this work) with several strains of S. mutans suggest that saliva may exert (i) potent inhibitory effects on glucose uptake through the lactoperoxidase system when H202 is available, and (ii) stimulatory effects on substrate uptake when the lactoperoxidase system is inoperative (e.g., deep plaque locations that might be 02-poor). 
